Amiodarone is a widely used anti-arrhythmic drug that inhibits diverse ion channels, including the Na 1 /Ca 21 exchanger (NCX), L-type Ca 21 channels, and Na 1 channels. Here, we report that subtoxic doses of amiodarone and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) synergistically induced apoptosis of various glioma cells. Treatment of U251MG glioma cells with amiodarone increased intracellular Ca 21 levels and enhanced the expression of the endoplasmic reticulum (ER) stress-inducible transcription factor C/EBP homologous protein (CHOP). This upregulation of CHOP was followed by marked upregulation of the TRAIL receptor, DR5. Suppression of DR5 expression by small interfering (si) RNAs almost completely blocked amiodarone/TRAIL-induced apoptosis in U251MG glioma cells, demonstrating that DR5 is critical to this cell death. siRNA-mediated CHOP suppression reduced amiodarone-induced DR5 upregulation and attenuated the cell death induced by amiodarone plus TRAIL. In addition, omitting Ca 21 from the external medium using ethylene glycol tetraacetic acid markedly inhibited this cell death, reducing the protein levels of CHOP and DR5. These results suggest that amiodarone-induced influx of Ca 21 plays an important role in sensitizing U251MG cells to TRAIL-mediated apoptosis through CHOP-mediated DR5 upregulation. Furthermore, subtoxic doses of bepridil and cibenzoline, two other anti-arrhythmic drugs with NCX-inhibitor activity, also sensitized glioma cells to TRAIL-mediated apoptosis, via the upregulation of both CHOP and DR5. Notably, amiodarone/TRAIL cotreatment did not induce cell death in astrocytes, nor did it affect the expression of CHOP or DR5 in these cells. These results collectively suggest that a combined regimen of amiodarone plus TRAIL may offer an effective therapeutic strategy for safely and selectively treating resistant gliomas.
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T he tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a member of the TNF family, is an attractive anticancer agent due to its ability to induce apoptosis in a variety of tumor cell types while having negligible effects on normal cells. 1 The binding of TRAIL to cell surfacedeath receptors can kill some cancer cells that show resistance to conventional anticancer treatments. 2 The most common brain tumors, malignant gliomas, have a high mortality rate and remain largely incurable despite the use of multimodal treatments that involve surgical resection, radiotherapy, and chemotherapy. 3, 4 Thus, researchers are currently attempting to develop novel therapeutic strategies against malignant gliomas. Previous studies have shown that many malignant glioma cells express TRAIL receptors but are resistant to TRAIL-induced apoptosis. 5 Therefore, it is hoped that the identification of safe and effective agents capable of recovering TRAIL sensitivity in glioma cells may provide a means for improving the efficacy of TRAIL-based cancer therapeutics.
Amiodarone is an anti-arrhythmic drug that is widely used in clinical practice. It inhibits diverse ion channels, including the sodium-calcium exchanger (NCX), L-type Ca 2+ channels, and Na + channels, 6 and has been reported to possess anti-inflammatory and antioxidative properties. 7, 8 Furthermore, amiodarone treatment has been shown to reverse multidrug resistance in several types of cancer cells 9 -11 and potentiate the growth-inhibitory effects of tamoxifen in various tumor cells. 12 Recent studies using an amiodarone-containing treatment cocktail have shown promise in the treatment of prostate carcinomas and unresectable hepatocellular carcinomas. 13, 14 Here, we examined whether amiodarone could recover TRAIL sensitivity in malignant glioma cells. We report for the first time that amiodarone induced C/EBP homologous protein (CHOP) -dependent DR5 upregulation selectively in glioma cells. Furthermore, combined treatment with subtoxic doses of amiodarone and TRAIL synergistically induced apoptosis in human glioma cells, but not in normal astrocytes. Thus, amiodarone/TRAIL cotreatment may offer an attractive strategy for the treatment of malignant gliomas.
Materials and Methods

Chemicals and Antibodies
Amiodarone was purchased from Sigma Chemical Corporation. Recombinant human TRAIL/Apo2 ligand (the nontagged 19 kDa protein, amino acid 114-281) was from KOMA Biotech. Calcein acetoxymethyl ester (calcein-AM) and ethidium homodimer-1 (EthD-1) were from Invitrogen. Caspase inhibitors benzyloxy-carbonyl-Val-Ala-Asp-(OMe)-fluoromethyl ketone (z-VAD-fmk), benzyloxy-carbonyl-Ile-Glu-(OMe) -Tyr-Asp-(OMe)-fluoromethyl ketone (z-IETD-fmk), benzyloxy-carbonyl-Leu-Glu-(OMe)-His-Asp-(OMe)-fluoromethyl ketone (z-LEHD-fmk), and benzyloxycarbonyl-Asp-(OMe)-Glu-(OMe)-Val-Asp-(OMe)-fluoromethyl ketone (z-DEVD-fmk) were from R&D systems. Ethylene glycol-bis (2-aminoethylether)-N,N,N ′ ,N ′ -tetraacetic acid (EGTA), 1,2-bis-(o-aminophenoxy) ethane-N,N,N ′ ,N ′ -tetraacetic acid tetra-(actoxymethyl) ester (BAPTA-AM), and CaCl 2 were from Sigma. The following antibodies were used: anti-caspase-8, anti-caspase-9, anti-caspase-3, and anti-KDEL; anti-Bid, anti-phospho-eIF2a, and anti-eIF2a (Cell Signaling Technology); anti-PARP (Upstate Biotechnology); anti-DR5 (KOMA Biotech); anti-ATF4, anti-DR5, and anti-CHOP (Santa Cruz Biotechnology); anti-a-tubulin (Calbiomchem); horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (IgG) and horseradish peroxidaseconjugated anti-mouse IgG (Invitrogen).
Culture of Glioma Cell Lines and Normal Human Astrocytes
Cells from the human malignant glioma cell lines U251MG, U87MG, U343, and U251N were cultured in Dulbecco's modified Eagle's medium (DMEM) (GIBCO BRL, Life Technologies) supplemented with 10% fetal bovine serum (FBS) and antibiotics (GIBCO-BRL, Life Technologies). The cells were incubated in 5% CO 2 at 378. The primary cultures of normal human astrocytes were prepared from 14-week gestation of fetal cerebrum tissues as described previously. 15 Human astrocyte cultures were grown in DMEM with high glucose supplemented with 10% FBS and 20 mg/ml gentamicin, subcultured every 2 weeks, and cell culture passage numbers of ,5 were used in the present study.
Measurement of Cell Viability
Cell viability was assessed by double labeling of cells with 2 mM calcein-AM and 4 mM EthD-1. The calceinpositive live cells and EthD-1 -positive dead cells were visualized using a fluorescence microscope (Axiovert 200 M, Carl Zeiss).
Immunoblotting
Cell were washed in phosphate-buffered saline and lysed in boiling sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (62.5 millimolar Tris [pH6.8], 1% SDS, 10% glycerol, and 5% b-mercaptoethanol). The lysates were boiled for 5 min, separated by SDS-PAGE, and transfected to an Immobilon membrane (Millipore). After blocking nonspecific binding sites for 1 h by 5% skim milk, membranes were incubated for 2 h with specific antibodies. Membranes were then washed three times with TNET buffer (50 mM Tris-HCl [pH7.4], 150 mM NaCl, 5 mM EDTA, 0.05% Tween 20) and incubated further for 1 h with horseradish peroxidase -conjugated antirabbit or mouse. Visualization of protein bands was accomplished using enhanced chemiluminescence (Amersham Life Science).
Measurement of Intracellular Calcium Level
Cells were plated at a density of 5 × 10 4 in 60-mm plates, allowed to attach overnight, and exposed to 20 mM amiodarone for different time points. The cells were stained with 2.5 mM fluo-3 for 20 min at 378 in Hank's balanced salt solution (HBSS), and Ca
2+
-dependent fluorescence intensity was measured using the flow cytometer (Becton Dickinson) in the fluorescence channel FL-1 with an excitation wavelength of 488 nm and an emission wavelength of 530 nm.
Reverse Transcription-PCR Analysis
Total RNA was extracted from U251MG cells using the TRIzol reagent (Invitrogen). Reverse transcription -PCR (RT-PCR) was done, following the manufacturer's protocol (Takara Shuzo Co.). The cDNAs were amplified by PCR (948 for 30 sec, 608 for 30 sec, and 728 for 1 min) with Taq DNA polymerase (Takara Shuzo Co.). Conditions for final analysis were chosen when amplification of mRNA was in the middle of the exponential amplification phase for 20 mM amiodarone.
Primer sequences used in this study were as follows (forward, reverse): Reaction products were analyzed on 2% agarose gels. The bands were visualized by ethidium bromide.
Small Interfering RNAs
The 25-nucleotide small interfering (si) RNA duplexes used in this study were purchased from Invitrogen, and their sequences are as follows: 
Luciferase Assay
The pDR5-WT (containing DR5 promoter sequence (2605/+ 3)) was a gift from Dr. T. Sakai (Kyoto Prefectural University of Medicine). Point mutations of the CHOP-binding sites to the DR5-WT promoter were generated by a two-step PCR method (using 5 ′ CTTGCGGAGGAGGTAGTTGACGA to 5 ′ CGTCAACTACCTCCTCCGAAAG). The clone containing the mutation was sequenced to ensure the accuracy of the PCR amplification procedure, and this plasmid was named as pDR5-mCHOP. For transfection, in brief, cells were plated onto 60-mm culture dishes at a density of 3 × 10 5 cells and grown overnight. Cells were transfected with 1 mg of the respective luciferase reporter construct using Lipofectamine Plus reagent (Invitrogen) following the manufacturer's instructions.
After incubation for 24 h, transfected cells were further treated with or without amiodarone. Luciferase activities were assayed following the manufacturer's protocol (Promega).
Statistical Analysis and Determination of Synergy
All data are presented as means + SDs of at least three independent experiments. The statistical significance of differences was assessed using analysis of variance with Bonferroni or repeated-measures analysis of variance followed by Greenhouse-Geisser adjustment. Values of P , 0.05 were considered significant. Synergy of amiodarone and TRAIL was evaluated by using the isobologram method. 16 The cells were treated with different concentrations of each agent (amiodarone or TRAIL) alone or with the two agents in combination for 24 h. The relative survival was assessed, and the half maximal inhibitory concentration (IC 50 ) values for each drug given alone or in combination with a fixed concentration of the second agent were established from the concentrationeffect curves. The IC 50 values of amiodarone and TRAIL in the respective glioma cell lines are as follows: U251MG (50 mM, 500 ng/ml), U87MG (25 mM, 360 ng/ml), U343 (85 mM, 40 ng/ml), U251N (220 mM, 93 ng/ml). The IC 50 values of cotreatment were divided by the IC 50 value of each drug in the absence of the other drug. In a graphical presentation, the straight line connecting the IC 50 values of the two agents when applied alone corresponds to additivity or independent effects of both agents. Values below this line indicate synergy, and values above this line indicate antagonism.
Results
Amiodarone Sensitizes Human Glioma Cells to TRAIL-Mediated Apoptosis via Caspase-Dependent Apoptosis
To examine whether amiodarone can sensitize malignant glioma cells to TRAIL-mediated apoptosis, we tested the effect of amiodarone and/or TRAIL on the viability of U251MG and U87MG glioma cells. Measurement of cell viability using calcein-AM and EthD-1 demonstrated that these cells were resistant to TRAIL alone up to 100 ng/ml or amiodarone alone up to 20 mM (Fig. 1A) . However, cotreatment with amiodarone and TRAIL significantly and dose-dependently increased cell death in both U251MG and U87MG cells (Fig. 1A) . Also in U343 and U251N glioma cells, which are relatively sensitive to TRAIL, amiodarone cotreatment markedly enhanced TRAIL-mediated apoptosis (Fig. 1A ). An isobologram analysis demonstrated that amiodarone and TRAIL synergistically induced cell death in these 4 different glioma cells (Fig. 1B) . These results indicate that combined treatment with amiodarone and TRAIL effectively kills glioma cells. We next examined whether the amiodarone-facilitated TRAIL-induced cell death of glioma cells was mediated Isobologram analysis was performed as described in Materials and Methods. IC 50 for amiodarone or TRAIL in the respective glioma cells through caspases. In U251MG cells treated with 20 mM amiodarone alone, we were unable to detect processing of the caspases and the caspase substrates, PARP and Bid (Fig. 1C) . In response to 100 ng/ml TRAIL alone, caspase-3 was partially processed into its p20 intermediate form, but we did not observe further cleavage into the active p17 subunit. Notably, we could not detect any processing of caspase-8, caspase-9, PARP, or Bid following treatment with TRAIL alone. However, in cells cotreated with amiodarone and TRAIL, caspase-3 was effectively processed into its active p17 subunit, and caspase-8, caspase-9, PARP, and Bid were all progressively processed. These results suggest that TRAIL resistance in U251MG cells may be associated with a proteolytic processing blockade of procaspase-3, leading to failure in the subsequent caspase amplification cascade. In these cells, cotreatment with amiodarone may help relieve this proteolytic processing blockade. To ascertain the role of the various caspases in the amiodarone-mediated potentiation of TRAIL-induced apoptosis, we tested the effects of specific caspase inhibitors. Pretreatment of U251MG cells with z-VAD-fmk (a pancaspase inhibitor), z-IETD-fmk (a caspase-8 inhibitor), z-LEHD-fmk (a caspase-9 inhibitor), or z-DEVD-fmk (a caspase-3 inhibitor) dose-dependently blocked cotreatment-induced cell death (Fig. 1D) . Taken together, these results show that amiodarone sensitizes glioma cells to TRAIL-induced caspase-dependent apoptosis.
Amiodarone Induces ER Stress Accompanied by CHOP Induction in Glioma Cells
As amiodarone is known to inhibit various ion channels, including NCX, L-type Ca 2+ channels, and Na + channels, 17 we examined whether amiodarone treatment could affect the intracellular Ca 2+ levels in glioma cells. Flow cytometric analysis using fluo-3, a fluorescent dye capable of detecting cytosolic Ca 2+ , demonstrated that intracellular Ca 2+ levels were dramatically increased in U251MG cells treated with 20 mM amiodarone alone or cotreated with 20 mM amiodarone and 100 ng/ml TRAIL for 24 h, but not in cells treated with TRAIL alone (Fig. 2A) . Time-course experiments with amiodarone-treated U251MG cells showed that intracellular Ca 2+ levels were markedly increased by 12 h posttreatment and were sustained by 24 h (Fig. 2B) (Fig. 2C and Supplementary Fig. 1 ). In contrast, addition of Ca 2+ to the media accelerated this cell death, slightly enhancing amiodarone-induced [Ca 2+ ] i rise. Interestingly, treatment with BAPTA-AM (1,2-Bis(2-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid), an intracellular Ca 2+ chelator, also attenuated these responses induced by amiodarone plus TRAIL, but to a lesser degree than those seen following EGTA pretreatment. These results suggest that the amiodarone-induced influx of Ca 2+ plays a critical role in sensitizing U251MG cells to TRAIL-mediated apoptosis. Since imbalances in the homeostasis of intracellular Ca 2+ are known to induce endoplasmic reticulum (ER) stress, 21 we further examined whether amiodarone could affect the ER stress-associated signaling pathways. We found that amiodarone treatment of U251MG cells progressively increased the phosphorylation of eIF2a and the protein expression levels of KDEL, ATF-4, and CHOP (Fig. 2D) , indicating that ER stress is induced by amiodarone in these cells.
CHOP Directly Mediates Amiodarone-Induced DR5 Upregulation
CHOP is known to be critically involved in the transcription of the DR5 gene. 22 Thus, we next examined whether amiodarone-induced CHOP upregulation could modulate DR5 expression in glioma cells. We found that amiodarone treatment dose-dependently increased CHOP and DR5 protein levels, but not DR4 levels, in U251MG and U87MG cells (Fig. 3A) . Amiodarone-induced upregulation of CHOP and DR5 was also observed in U343 and U251N cells (Supplementary Fig. 2 ). Furthermore, DR5 upregulation in amiodarone-treated U251MG cells was preceded by induction of CHOP, and this sequential enhancement could be observed at both the mRNA and protein levels for CHOP and DR5 (Fig. 3B and C) . To confirm the direct involvement of CHOP in the amiodaronemediated transcriptional activation of DR5, we employed two luciferase reporter plasmids: pDR5-WT, are as follows: U251MG (50 mM, 500 ng/ml); U87MG (90 mM, 360 ng/ml); U343 (85 mM, 40 ng/ml); U251N (220 mM, 93 ng/ml). which contained the DR5 promoter sequence 2605/+ 3, 23 and pDR5-mCHOP, which contained the same promoter sequence with mutation of the potential CHOP-binding site (2281 to 2261). U251MG cells were separately transfected with these plasmids and subjected to amiodarone treatment, and then we performed luciferase assay. Our results revealed that the transcriptional activity of pDR5-WT was significantly increased by 20 mM amiodarone treatment (Fig. 3D ), but the promoter activity of pDR5-mCHOP was not enhanced by the same treatment, suggesting that CHOP directly mediates the amiodarone-induced upregulation of DR5.
CHOP-Mediated DR5 Upregulation Is Important for Amiodarone-Stimulated TRAIL-Induced Apoptosis
Next, to examine the functional significance of upregulation of DR5 in amiodarone/TRAIL-mediated apoptosis, we used DR5-specific blocking antibody and DR5-targeting siRNAs. We found that addition of DR5-specific blocking antibody dose-dependently inhibited amiodarone/TRAIL-induced apoptosis of U251MG cells (Fig. 4A) . Furthermore, siRNA-mediated suppression of DR5 effectively blocked the cell death induced by amiodarone and TRAIL (Fig. 4B) . Similarly, siRNA-mediated suppression of CHOP effectively inhibited amiodarone-induced DR5 upregulation and attenuated the cell death induced by amiodarone and TRAIL (Fig. 4C) . These results clearly show that CHOP-mediated DR5 upregulation critically contributes to amiodarone/TRAIL-mediated apoptosis. Next, we investigated whether the amiodarone-induced influx of Ca 2+ is actually involved in this process. We found that the EGTA-mediated removal of Ca 2+ from the external medium dose-dependently decreased the amiodarone-induced upregulation of CHOP and DR5 (Fig. 4D) . Taken together, these results suggest that the amiodarone-induced influx of Ca 2+ is directly involved in sensitizing glioma cells to TRAIL-induced apoptosis via CHOP-mediated DR5 upregulation.
The Anti-arrhythmic Agents Bepridil and Cibenzoline Also Stimulate TRAIL-Induced Apoptosis via Upregulation of CHOP and DR5
Since amiodarone is a representative anti-arrhythmic agent with NCX-inhibitor activity, 17, 24 we next tested whether two other anti-arrhythmic agents with NCX-inhibitor activity, bepridil and cibenzoline, 17, 24 could also sensitize glioma cells to TRAIL-mediated apoptosis. We found that treatment with bepridil alone did not induce marked cell death up to 20 mM, whereas cibenzoline alone was subtoxic up to 200 mM in U251MG and U87MG cells (Fig. 5A and B) . In contrast, treatment with bepridil plus TRAIL or cibenzoline plus TRAIL effectively and dose-dependently induced cell death in these cells (Fig. 5A and B) . These results suggest that bepridil and cibenzoline can also recover TRAIL sensitivity in TRAIL-resistant glioma cells. Furthermore, both bepridil and cibenzoline dosedependently increased the levels of eIF2a phosphorylation, KDEL, and ATF-4 protein (Fig. 5C) . Moreover, protein levels of CHOP and DR5 were increased by either bepridil or cibenzoline (Fig. 5C) . Collectively, our results suggest that upregulation of CHOP and DR5 may be a common mechanism through which anti-arrhythmic agents with NCX-inhibitor activity can sensitize glioma cells to TRAIL-mediated apoptosis.
Combined Treatment with Amiodarone and TRAIL Does Not Induce Cell Death in Normal Astrocytes
Next, we investigated whether the viability of normal astrocytes could be affected by amiodarone/TRAIL cotreatment. We found no induction of cell death in astrocytes treated with 20 mM amiodarone and/or 100 ng/ml TRAIL (Fig. 6A and B) , suggesting that this combined regimen may be a safe and effective strategy for killing malignant glioma cells. Next, we examined the effect of amiodarone and/or TRAIL on the protein levels of CHOP and DR5 in normal astrocytes. We found that unlike our observations in U251MG glioma cells, amiodarone treatment did not upregulate CHOP or DR5 in astrocytes (Fig. 6C) . Taken together, these results demonstrate that CHOP-mediated DR5 upregulation may explain the preferential cytotoxicity of amiodarone/TRAIL cotreatment in glioma cells, sparing normal astrocytes.
Discussion
For effective cancer therapeutics, it is very important to induce cell death selectively in malignant tumor cells but not in normal cells. TRAIL has been shown to induce apoptosis in various tumor cells, while having minimal toxicity in normal cells. 1, 25 In this regard, TRAIL is an attractive candidate for cancer treatment. However, various cancer cells, including numerous glioma cells, have been reported to show resistance to the cytotoxic effects of TRAIL, even though these cells express the TRAIL receptor, DR5. 5, 26 Therefore, researchers are currently seeking to identify agents that may effectively increase the sensitivity of cancer cells to TRAIL-induced apoptosis. In this study, we show for the first time that amiodarone is a potent TRAIL sensitizer in malignant human glioma cells.
In the United States, amiodarone is currently one of the most commonly prescribed drugs for ventricular and atrial arrhythmias, largely because of its minimal negative inotropic activity and very low rate of pro-arrhythmia. 27 In addition, amiodarone has been shown to inhibit multidrug resistance in various cancer cells. [9] [10] [11] [12] 28 For example, 20 mM amiodarone very effectively restored the drug sensitivity in doxorubicin-resistant rat glioblastoma cells, 28 and the inclusion of amiodarone as a component of cocktails aimed at treating human cancer cells (e.g., prostate carcinoma, unresectable hepatocellular carcinoma) has shown promise. 13, 14 Here, we show that combined treatment with subtoxic doses of amiodarone and TRAIL can synergistically induce apoptosis in malignant glioma cells. Amiodarone is known to inhibit the activities of 18, 19 Similar to the previous report, we found that amiodarone treatment of U251MG cells induced a persistent increase in [Ca 2+ ] i (Fig. 2B) . In addition, the EGTA-mediated removal of extracellular Ca 2+ effectively blocked the cell death induced by amiodarone plus TRAIL (Fig. 2C) , suggesting that the influx of Ca 2+ may be critically involved in this cell death. Studies have shown that impairment of Ca 2+ homeostasis induces defense mechanisms such as the unfolded protein response (UPR), but when it is severe and prolonged, the apoptotic pathway is activated. 30, 31 In our study, amiodarone-induced [Ca 2+ ] i was accompanied by increases in eIF2a phosphorylation and the protein levels of KDEL, ATF-4, and CHOP, indicating that amiodarone induces the UPR in these cells. The CHOP gene shows extremely high induction during ER stress, 21 and CHOP is known to critically modulate ER stress-induced cell death. 21, 31 In the present study, we found that amiodarone dose-dependently increased DR5 protein levels in various glioma cells, in parallel with the increase in CHOP protein levels. Given that TRAIL is known to trigger apoptosis through binding to its death receptors, DR4 and DR5, 32 the expression levels of these death receptors may be critical to determining the intensity and/or duration of TRAIL-induced apoptotic signaling. Either pretreatment with the DR5-specific blocking antibody or siRNA-mediated suppression of DR5 expression efficiently blocked the cell death induced by the combined treatment, indicating that DR5 plays a critical role in amiodarone-sensitized TRAIL-induced apoptosis in glioma cells. Finally, we report three lines of evidence indicating that the CHOP transcription factor critically contributes to amiodarone-induced DR5 upregulation and amiodarone/TRAIL-induced apoptosis, as follows. (1) The amiodarone-induced increases in the mRNA and protein levels of CHOP preceded those of DR5 (Fig. 3B  and C) . (2) The amiodarone-induced activation of DR5 promoter activity was abrogated by mutation of the putative CHOP-binding site in the DR5 promoter. (3) Finally, siRNA-mediated CHOP knockdown inhibited amiodarone-induced DR5 upregulation and attenuated amiodarone/TRAIL-mediated cell death. In addition, EGTA treatment inhibited the amiodarone-induced upregulation of CHOP and DR5, thereby blocking the cell death induced by amiodarone plus TRAIL. These results suggest that the influx of Ca 2+ acts upstream of the amiodarone-induced upregulation of CHOP and DR5. Consistent with our results, a previous study showed that an influx of Ca 2+ and subsequent induction of CHOP were important for palmitate-induced apoptosis of MIN6N8a beta cell. 33 Furthermore, Abdelrahim et al. 34 reported that the release of ER-stored Ca 2+ and subsequent CHOP-dependent DR5 induction were responsible for the apoptosis induced by 3,3
′ -diindolylmethane and its derivatives in pancreatic cancer cells.
Interestingly, we found that treatment with the anti-arrhythmic agents bepridil and cibenzoline also effectively sensitized glioma cells to TRAIL-induced apoptosis. Bepridil, a diarylaminopropylamine derivative, has been shown to have NCX-inhibitor activity, with an IC 50 value of 8.1 mM, 35 while cibenzoline, a diarylcyclopropylimidazoline derivative, was recently shown to inhibit NCX currents with an IC 50 value of 95 mM. 36 In addition to their NCX-inhibitor activities, bepridil and cibenzoline have inhibitory effects on various ionic channels, including those of Ca 2+ and K + . 17, 24 Previously, bepridil has been shown to prolong increased intracellular Ca 2+ levels by interfering with intracellular Ca 2+ homeostasis, resulting in growth inhibition and potentiation of death among human brain tumor cells. 37 Here, we found that both bepridil and cibenzoline upregulated eIF2a phosphorylation, and protein levels of KDEL and ATF-4 were increased (Fig. 5C ), suggesting that they also induce ER stress in glioma cells. Furthermore, both bepridil and cibenzoline upregulated CHOP and DR5, thereby stimulating TRAIL-mediated apoptosis, in a manner similar to amiodarone. These results demonstrate that CHOP-mediated DR5 upregulation may be a common mechanism through which these anti-arrhythmic agents can sensitize glioma cells to TRAIL-mediated apoptosis.
One factor critical to the success of cancer therapy is the ability to selectively kill malignant cancer cells while sparing normal cells. The choice of an appropriate combination of anticancer drugs is also very important for successful chemotherapy. Fully understanding the differential signaling pathways between normal cells and cancer cells may help us maximize the synergistic deathinducing effects of combined drug treatments on cancer cells while minimizing their side effects in normal cells. Here, we found that normal astrocytes were very resistant to amiodarone/TRAIL cotreatment, whereas glioma cells were highly sensitive to this treatment. Furthermore, we uncovered a mechanistic basis for the difference by showing that the amiodarone-induced CHOP-mediated upregulation of DR5 did not occur in normal astrocytes. Thus, amiodarone/TRAIL cotreatment may offer an attractive and safe strategy for the treatment of malignant glioma cells. However, the presence of the blood -brain barrier (BBB), which prevents the delivery of potentially active therapeutic compounds, is particularly problematic for the treatment of infiltrating gliomas. 38 In order to cross the BBB, the anticancer drugs should be small (,500 Da), highly lipid soluble, and able to pass the BBB by passive diffusion. 38, 39 Amoidarone is reportedly hydrophobic, but it does not cross the BBB efficiently. 40 Radiation therapy is one of the main modalities in the treatment of glioblastoma, 41 and opening of the BBB induced by irradiation with 20 -40 Gy was shown to improve the efficacy of intracranial chemotherapy in glioblastoma patients. 42, 43 From this perspective, combined treatment with radiation and amiodarone/TRAIL may provide a more effective strategy for the treatment of malignant gliomas in the clinical setting. In addition, recent novel approaches for site-specific opening of the BBB, such as ultrasound, photodynamic therapy, and photochemical internalization, 38 may be useful for the effective delivery of amiodarone and TRAIL to the tumor sites.
In summary, the present study demonstrates that apoptosis of malignant glioma cells, but not normal astrocytes, is effectively and selectively induced by combined treatment with amiodarone and TRAIL. Therefore, combined treatment with amiodarone and TRAIL seems to warrant additional study as a potential new strategy for treating TRAIL-resistant gliomas.
Supplementary Material
Supplementary material is available at Neuro-Oncology online. 
Funding
